Abstract: Oat-maize radiation hybrids are oat (Avena sativa L.) plants carrying radiation-induced subchromosome fragments of a given maize (Zea mays L.) chromosome. Since first-generation radiation hybrids contain various maize chromosome rearrangements in a hemizygous condition, variation might be expected in the transmission of these rearrangements to subsequent generations. The transmission and integrity of maize chromosome 9 rearrangements were evaluated in progenies of 30 oat-maize radiation hybrids by using a series of DNA-based markers and by genomic in situ hybridization. Maize chromosome 9 rearrangements were reisolated by self-fertilization in 24 of the 30 radiation hybrid lineages. Normal and deleted versions of maize chromosome 9 were transmitted at similar frequencies of 9.1% and 7.6%, respectively, while intergenomic translocations were transmitted at a significantly higher frequency of 47.6%. Most lines (93%) that inherited a rearrangement had it in the hemizygous condition. Lines with a rearrangement in the homozygous state (7%) were only identified in lineages with intergenomic translocations. Homozygous lines are more desirable from the perspective of stock maintenance, since they may stably transmit a given rearrangement to a subsequent generation. However, their isolation is not strictly required, since hemizygous lines can also be used for genome mapping studies.
Introduction
Crosses between oat (Avena sativa L.) and maize (Zea mays L.) can result in the production of partial hybrids (RieraLizarazu et al. 1996) . Furthermore, partial self-fertility in these hybrids has resulted in the production of oat-maize disomic addition lines (Riera-Lizarazu et al. 1996; . These oat-maize addition lines can have the disomic chromosome complement of 42 oat chromosomes plus a pair of maize chromosomes (2n = 6x + 2 = 42 + 2). In disomic oat-maize addition lines, the maize chromosome is, in most cases, transmitted consistently to its progeny through both sexes. Fertile disomic addition lines have been produced for each of the maize chromosomes except chromosome 10 (Riera- Lizarazu et al. 1996; Maquieira 1997; Kynast et al. 2001 Kynast et al. , 2002 . For chromosome 10, a disomic addition for only the short arm has been recovered to date (Kynast et al. 2003) .
Oat-maize addition lines constitute a heterologous system to study, analyze, and manipulate a given maize chromosome separate from other chromosomes of its native genome (Ananiev et al. 1997) . Oat-maize addition lines are also suitable materials for the radiation-induced dissection of single maize chromosomes. Riera-Lizarazu et al. (2000) demonstrated that gamma ray treatments (30-50 krad) of monosomic maize chromosome 9 addition (2n = 6x + 1 = 42 + 1) seed followed by self-pollination of surviving plants could be used to isolate oat lines possessing different fragments of maize chromosome 9. These materials containing maize subchromosome fragments were referred to as "radiation hybrids", since they were analogous to the human-rodent somatic cell hybrids used for radiation hybrid mapping (Goss and Harris 1975; Cox et al. 1990 ). The oat-maize radiation hybrids that were generated included plants with apparently a normal maize chromosome 9 as well as plants with various maize chromosome 9 rearrangements that included deletions, intergenomic translocations, and a combination of both (Riera-Lizarazu et al. 2000) . The usefulness of these radiation hybrid derivatives for the dissection of a maize chromosome was shown by the identification of lines with unique chromosome breakage patterns that allowed the dissection of maize chromosome 9 into 27 distinct regions (Riera-Lizarazu et al. 2000) . Because mapping with radiation hybrid derivatives involves assays for the presence or absence of a given marker, monomorphic markers can be quickly and efficiently mapped, making this system particularly amenable to automation and high-throughput formats . A radiation hybrid system for the genetic and physical mapping of the entire maize genome based on oat-maize derivatives is currently under development (Kynast et al. 2002) .
Human-rodent radiation hybrids are generated and propagated in vitro (for review see Naylor 1997; Stewart and Cox 1997) . In contrast, the oat-maize radiation hybrid system involves self-propagating plants. A benefit of having live plants is the availability of material for future use. Maize chromosome 9 rearrangements in radiation hybrids passed through one meiotic generation before they were analyzed (Riera-Lizarazu et al. 2000) , so many were sexually transmissible. Since these maize chromosome 9 rearrangements in radiation hybrids were in a hemizygous state, variations might be expected in their stability and transmission by selffertilization. In addition, self-fertilization of oat-maize chromosome 9 radiation hybrid lineages might lead to the fixation of radiation-induced lesions in the oat genome, which, in turn, may have deleterious effects on subsequent generations. Such factors are important for the long-term use and maintenance of these subchromosome fragment stocks. The present study was undertaken to (i) characterize the transmission of maize chromosome 9 rearrangements in progenies from oat-maize radiation hybrids, (ii) identify lines that stably transmit maize chromosome 9 rearrangements, and (iii) evaluate seed germination and plant fertility in selfpollinated progeny.
Material and methods

Plant materials and DNA isolation
Progeny of 30 self-pollinated oat-maize chromosome 9 radiation hybrids (Riera-Lizarazu et al. 2000) with various maize chromosome 9 rearrangements were studied (Table 1) . Also used in this study were Starter-1 oat, the sweet corn hybrid Seneca 60, and the maize chromosome 9 disomic (42 oat plus two maize chromosomes) and monosomic (42 oat plus one maize chromosome) addition lines of oat (RieraLizarazu et al. 1996; Riera-Lizarazu et al. 2000) .
Sixteen to 32 seeds produced by self-pollination of each of 30 oat-maize chromosome 9 radiation hybrids, 94 progeny seeds of a maize chromosome 9 monosomic addition line of oat, and four seeds from each of the controls (Starter-1, Seneca 60, and disomic and monosomic addition lines) were planted in growth chambers for 6 weeks with a 12-h photoperiod and day/night temperatures of 18/15°C. After 6 weeks, the plants were transplanted and moved to the greenhouse with 16-h photoperiod and day/night temperatures of 18/15°C. Small-and large-scale DNA extractions from 50 mg to 5 g of leaf tissue were performed as described by Riera-Lizarazu et al. (2000) . For small-scale extractions, an MM 300 mixer mill (Qiagen Retsch, Haan, Germany) was used to grind the samples following the manufacturer's instructions.
Identification of plants with maize DNA
The presence of maize chromatin in self-pollinated progeny of oat-maize chromosome 9 radiation hybrids was detected by amplification of the long terminal repeats (LTRs) of four maize-specific retrotransposons. The primers used to amplify Grande-Zm1 LTRs (forward 5′-AAAGACCTCACG-AAAGGCCCAAGG-3′ and reverse 5′-AAATGGTTC-ATGCCGATTGCACG-3′) were those described by Ananiev et al. (1998) . Primers to amplify LTR sequences of Huck-1 (forward 5′-GATTAAGGTCAAGGCTCAGTCCA-3′ and reverse 5′-CTGTTTTCTTGTCAGGTCGGTCA-3′), Prem-1 (forward 5′-CCCAGGTAAGTTGTGCCCTTG-3′ and reverse 5′-CCTACTGCCCTTGCCCCTTT-3′), and Prem-2 (forward 5′-GCTCCAACGGTCAGAATCCA-3′ and reverse 5′-CAA-ATGAACACGGCAAATCACTC-3′) were designed based on sequences deposited in GenBank (Huck-1 (AF050438), Prem-1 (U03680), and Prem-2 (U41000)) using the program Primer 3 (Rozen and Skaletsky 1998) . Maize chromatin detection assays provided data to calculate the transmission frequency of a given maize chromosome 9 rearrangement in a family tracing back to a parental radiation hybrid and also across families with similar rearrangements.
DNA-based marker analysis
The integrity of maize chromosome 9 in self-pollinated progeny of oat-maize chromosome 9 radiation hybrids was determined using maize chromosome 9 DNA-based markers. Primer sequences for the simple sequence repeat markers were obtained from MaizeGDB (http://www.maizegdb.org/). Primers for expressed sequence tag markers were provided Plants that produced more than 100 seeds.
c One plant (M9RH0355-5) was homozygous for the maize chromosome 9 rearrangement.
d
One plant (M9RH0528-11) was homozygous for the two translocations that are segregating in this family.
e One plant (M9RH0528-4) was homozygous for a larger translocation and hemizygous for a smaller translocation.
f One plant (M9RH0728-3) was homozygous for the two translocations that are segregating in this family.
g One plant (M9RH0964-7) was homozygous for the maize chromosome 9 rearrangement.
h One plant (M9RH0965-7) was homozygous for the maize chromosome 9 rearrangement.
i Growing 16 additional plants for initial nontransmitters gave still no evidence of transmission.
j Maize chromatin was not detected by in situ hybridization.
k M9RH0681 had an isochromosome for the long arm of maize chromosome 9. Table 1 . Seed viability, transmission of a maize chromosome 9 rearrangement, and plant fertility of self-fertilized progenies of radiation hybrids.
by Dr. Ron Okagaki (University of Minnesota) . Polymerase chain reactions (PCR) were prepared in a final volume of 10 µL containing 25 ng of genomic DNA, 0.5 µmol/L each primer, 0.3 U Taq DNA polymerase, 0.2 mmol/L each dNTP, 1× Taq buffer, 2.5 mmol/L MgCl 2 , 2% sucrose, 0.004% cresol red, and sterile distilled water. The PCR consisted of 5 min of denaturing at 95°C and 30 cycles of three steps, denaturing at 95°C, annealing (65 to 55°C depending on the primers), and extention at 72°C for one 1 min each, and a final extension step at 72°C for 10 min. Five microlitres of the PCR amplification products were separated electrophoretically at 100 V for 1 h in 2% agarose gels containing 0.3 µg ethidium bromide/mL and visualized under UV light.
Cytology and in situ hybridization
Mitotic metaphase chromosome spreads and genomic in situ hybridization (GISH) analysis were used as described by Riera-Lizarazu et al. (2000) . Seneca 60 maize genomic DNA was labeled using fluorescein and used as a probe. Starter-1 oat genomic DNA was used as the block or hybridization competitor in a ratio of 100:1. After in situ hybridization, slides were analyzed on a Zeiss Axioskop 2 microscope (Carl Zeiss, Inc., Thornwood, New York) equipped with an epifluorescence attachment. Fluorescent images were separately captured with a Photometrics Cool-SNAP digital camera (Roper Scientific, Trenton, New Jersey) and merged with RSImage 1.09 (Roper Scientific) and PhotoShop 5.0 (Adobe Systems Inc., San Jose, California).
Statistical analyses
Chi-square contingency analysis was used to test for differences in transmission frequencies of translocations, deletions, and apparently normal maize chromosome 9's presence in oat-maize radiation hybrids. Germination frequencies and self fertility of progenies were compared with the previous radiation treatment dose used.
Results
Identification of plants with maize chromatin
Assays for the presence of maize-specific markers (retrotransposon LTRs) showed that nine of the 94 progeny plants from a nonirradiated maize chromosome 9 monosomic addition line contained maize chromatin. Thus, the transmission of a maize chromosome 9 monosomic addition in oat was 9.6%. Assays of 565 plants with maize-specific markers showed that 114 individuals tracing back to 24 of the 30 oat-maize chromosome 9 radiation hybrids contained maize chromatin (Table 1) . We did not recover plants with maize chromatin from six parental radiation hybrid lines (Table 1) even when a total of 32 seeds had been analyzed per line. Apparently normal and deleted versions of maize chromosome 9 were transmitted at similar frequencies (9.1% (range 0-25%) and 7.6% (range 0-20%), respectively). Intergenomic translocations transmitted at a significantly (P < 0.0001) higher frequency of 47.6% (range 26.7-68.8%) ( Table 1 ). An isochromosome for the long arm of maize chromosome 9 (present in M9RH0681) was transmitted at a frequency of 18.8% (Table 1) .
Molecular and cytological characterization
The constitution of the transmitted maize chromosome 9 rearrangement in each of the 114 maize-chromatin-positive progeny plants from self-pollinated oat-maize radiation hybrids was evaluated with 18 DNA-based markers (Fig. 1) . Complex rearrangements involving multiple deletions (as in progeny plants of M9RH0490) were transmitted en bloc. DNA-based marker content of the lines evaluated was generally the same as that of their parental stocks. Discrepancies were observed in marker content between progenies of M9RH0651, M9RH0413, M9RH0597, and M9RH0620 and their parental stocks. In all cases, a marker that had not been detected in the parental stock was consistently detected in its progeny plants. Thus, we attribute this discrepancy to PCR failures during the evaluation of the parental stocks (RieraLizarazu et al. 2000) . These discrepancies aside, all of the members of a family showed identical molecular marker content, with the exception of lines tracing back to M9RH0965, which showed two different marker patterns (Fig. 1) . GISH analysis showed that two different translocations involving maize chromosome 9 were present in progeny of M9RH0965. All of the maize-chromatin-positive progeny plants that traced back to M9RH0528, M9RH0651, and M9RH0728 contained all of the molecular markers used to evaluate their genetic constitution. In situ hybridization suggested that these lines contain nonreciprocal translocations encompassing regions of chromosome 9 that were assayed (GISH of three lines, progeny of M9RH0528, is represented in Figs. 2A, 2B , and 2C). Maize chromatin could not be detected by GISH in M9RH1126 or its progeny, but the presence of some maize chromatin was still evident based on amplification of the maize retrotransposon LTRs. The maize chromatin in these individuals appears to be below the resolution of our in situ hybridization technique and does not include the set of markers tested.
Eighty-five progeny plants of various oat-maize chromosome 9 radiation hybrids were analyzed by GISH (Table 1) . Seventy-nine (93%) had maize chromosome 9 rearrangements in the hemizygous condition. These 79 individuals included all 17 plants derived from radiation hybrids with "complete" and deleted versions of maize chromosome 9, three plants with an isochromosome, and 59 plants with maize chromosome 9 translocations. Of the 85 plants studied, only six (7%) had a rearrangement in the homozygous condition. These six individuals were derived from five radiation hybrids (M9RH0355, M9RH0528, M9RH0728, M9RH0964, and M9RH0965), all of which carried an intergenomic translocation involving maize chromosome 9 (Table 1) . Thus, the overall fixation rate of intergenomic translocations (translocation in the homozygous state) was 6/65 or 9%. Figures 2D and 2E show homozygous (M9RH0355-5) and hemizygous (M9RH0355-8) derivatives of M9RH0355. Lines that are homozygous for a given chromosome rearrangement are expected to stably transmit the rearrangement in subsequent generations. Thirty plants representing five lines (M9RH0355-5, M9RH0528-11, M9RH0728-3, M9RH0964-7, and M9RH0965-7) were evaluated for the presence of maize DNA by amplification of the LTRs of the maize retrotransposon Huck-1. Huck-1 LTRs were detected in all plants examined. Although the number of plants representing each line was not large (three to Fig. 1 . DNA-based marker characterization of self-pollinated progenies of maize chromosome 9 radiation hybrids. The order of DNAbased markers is based on the 1998 UMC and bin maps of maize chromosome 9 (MaizeGDB; http://www.maizegdb.org). The gamma ray dose corresponds to the treatments applied to the maize chromosome 9 monosomic addition line seed that gave rise to the various radiation hybrids (M9RHs). Solid squares indicate that the marker was present in a given line. Open squares indicate that the marker was absent in a given line. Empty spaces indicate missing data. eight), our assays indicate that transmission of the homozygous rearrangements was 100% (Table 2) .
Seed viability
Seed viability of progenies of oat-maize chromosome 9 radiation hybrids was high (Table 1) , with an average germination rate of 98.0%. No significant differences in seed viability or germination were observed between progenies of the oat-maize radiation hybrids produced with different radiation treatment doses (30, 40, and 50 krad). Progenies of radiation hybrids derived from the 30-, 40-, and 50-krad gamma radiation treatments had 98.3%, 98.3%, and 97.7% germination, respectively. An additional cycle of self-fertilization in some lines homozygous for a particular maize chromosome 9 rearrangement (M9RH528-11 and M9RH0728-3) resulted in a significant (P < 0.0001) reduction in seed viability. A reduction in seed viability was less evident in progenies of M9RH0355-5, M9RH0964-7, and M9RH0965-7 (Table 2) .
Plant fertility
The amount of gamma radiation used to generate a given oat-maize chromosome 9 radiation hybrid affected the fertility of subsequent generations obtained by self-pollination. An increment of 10 krad over the 30-krad treatment used to generate a given radiation hybrid resulted in a 9.4% reduc- tion in the proportion of progenies of radiation hybrids with moderate to high fertility (>100 seeds/plant) (Fig. 3) . The proportion of plants, progenies of radiation hybrids, derived from the 30-krad treatment with moderate to high fertility was significantly higher (92.2%) than the 40-(81.8%) (P = 0.0182) and 50-krad (70.3%) (P < 0.0001) treatments. The proportion of plants, progenies of radiation hybrids, with moderate to high fertility was not significantly different between the 40-and 50-krad treatments. Progeny plants of M9RH0872 showed the lowest fertility rate; only two out of seven plants (28.6%) had moderate to high fertility. An additional cycle of self-fertilization in the lines homozygous for five maize chromosome 9 rearrangements resulted in an additional reduction in the proportion of plants with moderate to high fertility (Table 2 ) when compared with the previous generation (Table 1) .
Discussion
Maize chromosome 9 radiation hybrids are oat plants carrying radiation-induced subchromosome fragments of maize chromosome 9. These radiation hybrids were produced by irradiating maize chromosome 9 monosomic addition line seed and self-pollinating the resulting plants ( Riera-Lizarazu et al. 2000) . Thus, maize chromosome 9 rearrangements in these radiation hybrids have passed through one meiotic cycle and have been sexually transmitted, at least through the female parent. Furthermore, radiation hybrids were selffertile and produced seed; thus, a rearrangement could be reisolated from seed produced by a given radiation hybrid if the rearrangement was transmitted. In this study, the transmission of maize chromatin to progenies was observed for all 12 intergenomic translocation lines analyzed with an average frequency of 47.6% (Table 1) . In contrast, transmission of versions of maize chromosomes with deletions was obtained for only six of 11 stocks, with an average transmission frequency of 15.9%, including an isochromosomal stock. Thus, a portion of maize chromosome 9 deletion stocks initially characterized may not be available for longterm use.
GISH analysis revealed that all of the deletion additions and most of the intergenomic translocation progenies were hemizygous for maize chromatin. This hemizygous state is sufficient for radiation hybrid mapping purposes; however, the recovery of individuals homozygous for a maize chromosome segment, as was observed in five of the intergenomic translocation stocks, would be simpler for stock maintenance over generations. In progenies from hemizygous parent plants, the low frequency of homozygous intergenomic translocations and the absence of homozygous deletion additions likely reflect their meiotic behavior and the effect of the rearrangements on the viability or functionality of male and female gametophytes. The reduced transmission of an added maize chromosome with intrachromosomal rearrangements was similar to the 9.6% transmission rate of monosomic maize chromosome 9 observed in nonirradiated plants. Thus, the transmission rate of an intrachromosomal rearrangement can be attributed to its instability during meiosis as well as reduced transmission of alien chromatin through the male. The behavior of a univalent can be variable within and between species, but a common characteristic is that a univalent is frequently lost during meiosis (Sears 1952; Morrison 1953; Morikawa 1985) . In our study,~90% of the self-pollinated lines with a hemizygous intrachromosomal rearrangement did not inherit the rearrangement. This suggests that on the average,~95% 9 100 ( ) × of the gametes lacked maize chromatin, while 5% of the gametes carried the intrachromosomal rearrangement. This situation would be exacerbated by a reduced competitive ability of pollen carrying alien chromatin and may explain our inability to identify individuals homozygous for an intrachromosomal rearrangement. If transmission of a rearrangement through the pollen is not possible, plants that are homozygous for a rearrangement may be obtained by extracting haploids carrying a given rearrangement followed by chromosome doubling. In cases where the transmission Table 2 . Seed viability, transmission of a maize chromosome 9 rearrangement, and fertility of homozygous lines obtained by selffertilization. Fig. 3 . Effect of the gamma radiation dose applied to generate the oat-maize chromosome 9 radiation hybrids on the fertility of their progenies.
of a rearrangement was not observed after screening 32 lines (Table 1) , the instability of these rearrangements through meiosis and reduced transmission will make their recovery more difficult and perhaps not possible. In the case of interchromosomal rearrangements, we did identify individuals that were homozygous for a given reciprocal or nonreciprocal translocation. This observation suggests that transmission of maize chromatin had occurred through both sexes. The level of transmission of an intergenomic translocation depends on its stability and pairing dynamics during meiosis and the functionality of the resulting spores (Sears 1956 (Sears , 1993 Knott 1971; Aung and Thomas 1978) . Gametophytes with alien chromatin may be less competitive than gametophytes that do not carry alien chromatin, and disjunction of translocation and normal chromosomes can result in unbalanced spores that cannot be transmitted because of pollen and ovule abortion. In our study,~50% of the self-pollinated progeny of lines with a hemizygous translocation involving maize chromosome 9 did not inherit the rearrangement. This result indicates that 70% ( ) 0.5 100 × of the transmitted gametes lacked a translocation; 30% carried the translocation. Thus, recovery of progenies that are homozygous for a given interchromosomal rearrangement should be feasible. We suspect that the higher transmission of interchromosomal rearrangements compared with those that were intrachromosomal in nature was probably due to the stabilizing effect of pairing between portions of a translocation chromosome with a homologous counterpart during meiosis (Sears 1993) .
We also assessed the integrity of the rearrangements that had been transmitted because the long-term use and maintenance of a radiation hybrid system necessitates the availability of material with a known and stable chromosomal constitution. An evaluation of plants with a set of 18 markers distributed along maize chromosome 9 revealed that marker content in progenies with maize chromosome segments was generally the same as in the parental stocks with one exception. This exception involved lines tracing back to M9RH0965 (Fig. 1) where we observed two molecular marker patterns. This observation indicates that the original parental stock had two independent translocations that were now segregating in its progeny. In all other cases, the chromosomal constitution of a radiation hybrid derivative was consistent with that of its parental stock even in cases involving lines with multiple chromosomal breaks along maize chromosome 9 (as in progeny of M9RH0490). Thus, lines with a particular rearrangement can be reisolated from seed produced. However, characterization of a given line before it is used is warranted.
Irradiation of a chromosome 9 monosomic addition line of oat resulted in the generation of different maize chromosome 9 rearrangements, including deletions, translocations, and a combination of both. Oat chromosomes were likely damaged in addition to maize chromosome 9 (which represents onlỹ 1% of the DNA in the oat-maize addition line). After continuous selfing, the accumulation and fixation of deleterious lesions in the oat genome are expected and might result in diminished plant viability and (or) fertility. The phenotype of individuals of two families (M9RH0872 and M9RH0681) also suggested the fixation of lesions in the oat genome. All progeny plants of M9RH0872 showed chlorotic bands on the leaves and reduced levels of fertility. Progeny plants of M9RH0681 were fatuoid, indicating the loss of the gene or genes responsible for suppression of the fatuoid character (Huskins 1946; O'Mara 1961) . Finally, an analysis of individuals that resulted from two generations of selffertilization showed a significant reduction in seed viability and plant fertility (Tables 1 and 2 ). Thus, the long-term maintenance of the oat-maize chromosome 9 subchromosome stocks might require crosses to oat to restore their normal oat genetic background and avoid loss of vigor.
Although radiation hybrid lineages may be lost because of the lack of transmission of a given rearrangement and reductions in seed and plant viability, sufficient lineages with progenies that inherited useful rearrangements were identified in this study. Collectively, the 24 radiation hybrid lineages in Fig. 1 contain sexually transmissible rearrangements with~18 unique breaks on chromosome 9 that definẽ 19 segments. From a genome mapping perspective, this panel of 24 radiation hybrids lines can be used for the longterm development of bin maps of chromosome 9 as described previously (Riera-Lizarazu et al. 2000; Kynast et al. 2002) .
We conclude that maize chromosome 9 rearrangements can be maintained in subsequent generations by selffertilization. In most cases, rearrangements were isolated in the hemizygous state. Depending on the characteristics of a given rearrangement, it was also possible to isolate lines that were homozygous. Once a particular rearrangement was in the homozygous state, the transmission of the rearrangement was stable. Although homozygous lines may be more desirable from a stock maintenance perspective, their isolation is not strictly required, since hemizygous lines are equally useful for genome mapping studies.
